We report LHC measurements of single W and Z boson production at different centre-of-mass energies. Together, the ATLAS, CMS, and LHCb detectors cover an absolute rapidity range from 0 to 4.5, enabling precision tests and studies of Standard Model physics across different kinematic regions. We report total, fiducial and differential cross-section measurements and their ratios. These results allow tests of the performance of different parton distribution functions (PDFs), and can be used to further constrain the PDFs. In addition, the results are compared to theoretical predictions which use different approaches to model effects within quantum chromodynamics. We also report measurements of the forward-backward asymmetry in Z boson decays, and measurements of angular coefficients, which provide sensitivity to the electroweak mixing angle.
Selected measurements from LHC Run 2
The ATLAS, CMS and LHCb collaborations have all made measurements of gauge boson production in pp collisions at 13 TeV. 4, 5, 6 The ATLAS and CMS collaborations have presented measurements of W and Z boson production in fiducial regions corresponding to the acceptance of their detectors using decays to final states including electrons or muons. For ATLAS, the fiducial acceptance corresponds to the leptons having transverse momentum, p T > 25 GeV, and absolute pseudorapidity, |η | < 2.5. For Z boson production the dilepton invariant mass m is required to be between 66 < m < 116 GeV, and for W boson production the transverse mass, m T , is required to be above 50 GeV. At CMS, the fiducial requirements are different for electrons and muons, and are optimised to the CMS detector acceptance. ATLAS and CMS have also measured total cross-sections where the fiducial measurements are extrapolated to the full phase space using simulation. The requirement on the di-lepton invariant mass is retained since the differential cross-section increases significantly at low dilepton invariant masses due to the virtual photon contribution. At CMS this corresponds to a window between 60 and 120 GeV. The LHCb collaboration have made measurements of Z boson production using muons in a fiducial region corresponding to the forward region occupied by the LHCb detector: muons are required to have 2.0 < η µ < 4.5 and p µ T > 20 GeV, and the invariant mass of the dimuon system is required to be between 60 and 120 GeV.
All the LHC experiments have compared the measurements to theoretical predictions calculated at next-to-next-to leading order (NNLO) in perturbative quantum chromodynamics (pQCD) based on different PDF sets and found good agreement. Cross-section ratios between W and Z boson production, and between W + and W − production, are shown for ATLAS and CMS in Figure 1 . The differential cross-section for Z boson production as a function of the boson rapidity as measured at LHCb is shown in Figure 2 . With increased precision future measurements from all three experiments will provide important constraints on PDFs.
Selected measurements from LHC Run 1
There are many important measurements of W and Z boson production produced by the LHC experiments for both √ s = 7 and 8 TeV pp collisions. This article selects a few results of interest from recent publications from each of the experiments.
The ATLAS experiment has reported the measurement of the Z boson transverse momentum and φ * η distributions 7,b in 8 TeV pp collisions. 8 The measurement has been performed differentially in the dilepton invariant mass and rapidity. The precise fiducial definitions are given in the original article 8 . The results are compared to theoretical predictions generated using different Monte Carlo event generators, and fixed order predictions (at NNLO in pQCD) calculated using DYNNLO 9 . Selected comparisons are shown in Figure 3 . Even at high transverse momentum, significant discrepancies are seen between the fixed order predictions and the data. This disagreement appears to be reasonably independent of the dilepton rapidity and mass and transverse momentum for p T > 50 GeV, with theory consistently ∼ 10% lower than the measured differential cross-section. The event generator predictions agree best with data when the dilepton invariant mass is close to the Z boson mass (m Z ), and the best agreement is seen for p T < m Z . Since the greatest sensitivity to the W boson mass, m W , comes from events with small boson transverse momentum, such behaviour is encouraging for future W boson mass measurements.
The CMS experiment has reported a measurement of inclusive W boson production in 8 TeV pp collisions, using events where the W boson decays to a muon and a neutrino. 10 The measurement has been performed for a fiducial cross-section defined by |η µ | < 2.4 and p µ T > 25 GeV. The measurement is made differentially in bins of the muon pseudorapidity separately b The φ * η variable is strongly correlated to the boson transverse momentum but is less effected by experimental resolution as it depends only on angular variables. Here only transverse momentum results are shown.
for both charges, allowing the differential lepton charge asymmetry, A ≡ (dσ + − dσ − )/(dσ + + dσ − ) to be measured in addition. This variable is particularly sensitive to the modelling of the ratio of the PDFs for the up and down valence quarks. The measurements are compared to theoretical predictions calculated at NNLO using FEWZ 11 for different PDF sets, and show good agreement; the asymmetry is shown in Figure 4 . However, the uncertainties on the data are smaller than the uncertainties on the theoretical predictions, indicating that this measurement will play an important role providing constraints in future PDF fits.
The LHCb experiment has reported a measurement of inclusive W and Z boson production in 7 and 8 TeV pp collisions using events containing muon(s) in the final state. 12, 13 The muons are required to have 2.0 < η µ < 4.5 and p µ T > 20 GeV, and for Z boson production, the dimuon invariant mass is required to be between 60 and 120 GeV. The measured fiducial and differential cross-sections at 7 and 8 TeV, and the charge asymmetries, all show good agreement between NNLO predictions generated using FEWZ 11 and data. The LHCb collaboration has also measured ratios between fiducial cross-section in pp collisions at 8 and 7 TeV (for W + , W − , and Z boson production). These measurements are shown in Figure 5 . These results show good agreement with NNLO predictions, though a ∼ 2 σ discrepancy with respect to theory is apparent when ratios of the measurements are evaluated. Future measurements at new collision energies will remain interesting.
Angular distributions of Z boson decay
We can also consider the decay of directly produced Z bosons at the LHC to a dilepton final state. These measurements are typically performed in the Collins-Soper frame of reference 14 , where the differential cross-section may be expressed as 
, where N is the number of events fulfilling the relevant condition, is proportional to A 4 . It can therefore be used to probe the electroweak mixing angle. Such sensitivity is enhanced by the presence of interference from the virtual photon, which generates large asymmetries away from the pole mass of the Z boson. The coefficients A 5 , A 6 and A 7 are predicted to be very small. 16 
Measurements of angular coefficients
The CMS collaboration have reported the measurement of the angular coefficients A 0 -A 4 in data collected at √ s = 8 TeV using Z → µµ decays, for two regions of rapidity: |y| < 1.0 and 1.0 < |y| < 2.1. 16 The measurements of these coefficients in the central region, as well as A 0 − A 2 , are compared to different theoretical predictions in Figure 6 . The data do not favour one particular set of predictions, and further refinement of the theory will be needed to better model the data. This will be important for any successful m W measurement at the LHC.
Measurements of the forward-backward asymmetry and determination of sin
eff. ) The forward-backward asymmetry in Z boson decays to muon pairs has been measured by the LHCb collaboration in pp collisions at √ s = 7 and 8 TeV, as a function of the invariant mass of the system. This result has then been used to determine sin 2 (θ lept.
eff. ), which is closely related to the electroweak mixing angle, a fundamental parameter within the Standard Model. 17 The kinematic region probed by LHCb is particularly well suited for this determination, as the phase space has a better defined z-axis from which to measure cos(θ * ) than the phase space in the central region. c The LHCb collaboration reports sin 2 (θ lept.
eff. ) = 0.2314 ± 0.0007(stat.) ± 0.0005(syst.) ± 0.0006(theory). The dominant systematic uncertainty on the extraction of sin 2 (θ lept.
eff. ) is due to knowledge of the detector alignment and momentum scale. This is slightly smaller than the uncertainty in determining sin 2 (θ lept.
eff. ) from A FB that arises from PDF knowledge. LHCb is subject to smaller theoretical uncertainties here than the other LHC experiments, since the dilution between the quark direction and the proton direction is smaller in the forward region than in the central region, and is also more precisely predicted with regard to PDF uncertainties; the forward region contains smaller unertainties than the central region from how well any correction for this dilution effect is determined. The result is compared in Figure 7 to other results from the LHC 18,19 and elsewhere. The two best measurements (from LEP 20 and SLD 21 ) are separated by more than 3 σ. The LHCb measurement is still statistically limited, and future measurements at LHCb and at the other LHC experiments should provide greater precision from improved measurement techniques. Future measurements of sin 2 (θ lept.
eff. ) at the LHC may therefore play an important role in electroweak precision fits.
Conclusions
Inclusive gauge boson production is a rich field of study. LHC results have placed new constraints on parton distribution functions, and have provided useful inputs for tuning different event generators. Such work is important in its own right, but also paves the way for other crucial measurements of Standard Model physics, such as the measurement of the W boson mass. Studies of the angles at which Z bosons decay to dileptons also allow measurements of boson polarisation and the effective leptonic weak mixing angle. 
